Abstract-In this paper, for inspecting in the cable tunnel, we propose a Mini-Multi-Module Crawler Robot (MMCR) with four sides covered with tracks. MMCR can walk, turn and avoid obstacles after rollover. MMCR has two ways to overcome obstacles: lifting the front of the mobile section obstacle and direct obstacle crossing. For overcoming obstacles flexibly, the joints of MMCR are passive when the robot crosses the barrier directly. Crawlers are on all four sides and passive pulley axis adopt an innovative arrangement, which increases the robot's direct obstacle clearance height. The tandem four stage bevel gear drive the four driving pulleys respectively. Finally, finite element analysis of the main parts of the robot joint determines the strength of the part is sufficient.
I. INTRODUCTION
The Mini-multi-module crawler robot in this paper is mainly used to detect the state of toxic gas and cable in the cable tunnel. The test results will be fed back to relevant personnel for processing, which can be used to ensure the stability of urban power systems and ensure the safety of testing persons. In the cable tunnel, there exit a lot of cables, garbage, debris, water, sludge and waste cable. The ground conditions of cable tunnel are complex, and the space is small. Aging of the cable insulation can cause a fire and long-term sealing of the underground environment leads to accumulation of harmful gases. The person detecting cable tunnel may be poisoned, and may experience physical and psychological problems if they are exposed to long-term work. If work in tunnel MMCR is able to walk and cross the obstacle and has the capabilities of image detection, temperature and humidity measurement, gas composition monitoring. Other requirements of robot are as following:
• Both width and height less than 200mm
• Over 50mm obstacles
• Mass less than 15kg
• Working continuously for more than 2 hours
• Infrared detection, gas detection and image transmission
• Long distance communication and remote control
For the detection of toxic gases in narrow, obstructive cable tunnel, Fu Zhuang proposed a tele-operated robot (420mm long, 320mm wide and 300mm high), which had a speed of 24m/min and was able to pass through one-meter-wide cable tunnel [1] . The robot is a double crawler robot that can cross the obstacle when the robot raises the forearm [1] . But the size of this robot is too large. If the size of the robot is reduced, the installation space of batteries and components is reduced, and the endurance of the vehicle is weakened, and it is difficult to realize the design. Jiang in [2] , C. Mello in [3] , S. Dian in [4] designed a robot crawling on a cable respectively. However, because the cables in the cable tunnel may be staggered and overlapped, and the cable duct is small, this type of robot it is not suitable for the tunnels where we want it to work. We use serpentine multi-module robots. The body of the robot requires at least three degrees of freedom. A degree of freedom is used to achieve the movement of the robot, a degree of pitch is used to overcome obstacles and climb, and a degree of yaw is used to make robot steer. Mobile Robotics Lab of University of Michigan has design a robot named Omni Tread OT-8 [5] . The robot is composed of five mobile sections, each section is wrapped around crawlers. In such a mechanism, for each mobile section, all the crawlers attached in every side of each module are driven by one DC motor simultaneously. Omni Tread OT-8 can still work when tumbling, and in small space, Omni Tread OT-8 has a strong anti-jamming ability. But the robot is powered by a cable, so it is not suitable for working in a long cable tunnel, and the internal volume of the mobile section is small, so it is difficult to fit large batteries and switch. The robot is shown in Figure 1 . The University of ElectroCommunications in Tokyo and SGI Japan jointly developed a serpentine robot called KOHGA2 (2050mm long, 180mm wide and 135mm high), which is a serpentine robot with 8 units connected in series [6] . The upper and lower surfaces of the mobile unit are covered by the track. It is shown in figure 2 . The robot is flat and not prone to rollover, but the crawler track on the mobile section is narrow and may be obstructed by blocks in cable tunnel where ground conditions are complex. Masayuki ARAI developed Souryu-V (1160mm long, 145mm wide and 202mm high) [7] . The unit of Souryu-V with four cameras is driven by just one caterpillar. The mechanism of this robot is simpler, with a stronger ability to adapt to the terrain. But the front-end and back-end of the robot are covered with caterpillar. If the external camera is not used, the robot cannot detect the cables and obstacles in front of it, which led to the robot cannot promptly lift the first section of the body to avoid obstacles. To conduct long-time inspection in the cable tunnel under complicated conditions, the robot is designed as double knuckles and wrapped around the crawler structure, which makes the overturned robot also works normally. For directly through the barrier(50mm high) fast, lifting the front mobile section to cross the 100mm high barrier, we propose the minimulti-module crawler robot(MMCR). If robot needs to carry a large capacity battery, cameras, video transmitters, switches, two-section crawler robot to obtain the minimum quality. Dualsection robot is capable of achieving the minimum of mass than robot with three or more modules.
II. TRANSMISSION MECHANISM DESIGN

A. The mechanism of MMCR
The four sides of the MMCR wrapped around the tracks, which makes MMCR be able to maintain the ability to move after rollover. As shown in Figure 4 . The vehicle with crawlers on both sides has space between the crawlers that cannot generate driving force and might get stuck [8] .
Crawlers on all four sides of the robot increase the proportion of the robot surface covered by the tracks. The proportion is denoted as cover rate. B is a crawler width, and n is the number of tracks on the single side of the square robot, and d is the width of the robot. Obviously, the closer the cover rate is to 1, the more likely the robot is to walk over a protruding obstacle instead of being blocked.
To reduce the weight, the design robot is a double-section four-track covered structure. The two parts of the front and back parts are connected by the hinges with two degrees of freedom. Compared with the structure of three or more sections, the dual robot has enough obstacle surmounting capability in the narrow cable tunnel, and has the smallest size and weight. In the latter section, the mobile section of MMCR is set to be heavier than the previous one, and when the obstacle need be over, the previous section of MMCR can be lifted. While cornering, the robot can lift its front part, rotate the robot's knuckle a certain angle, and then lower the front of the robot to drive the two mobile units and turn the robot. 
B. The process of robot crossing obstacle
In the cable tunnel bottom, there may be stones, wasted cable lying, garbage and debris, water and silt etc. When patrolling in a cable tunnel, the MMCR must be able to cross a horizontal cable or walk steadily over uneven gravel, so it is ample ability to overcome obstacles. Depending on the obstacles that the MMRC needs to cross, the ways of obstacle crossing can be divided into the following two categories:
1) surmounting obstacles directly:
The environment in the cable tunnel is complex. During the inspection process, the robot needs to overcome the road barriers formed by various sizes of different sizes on the gravel pavement. When the height of the obstacle is not greater than the height of the robot's tracked wheel, the robot can easily cross the obstacle without changing any posture. The process of crossing the barrier is shown in Figure 6 . figure 7 . According to the existing requirements, the robot can directly cross the obstacle whose height is 50mm.
1) Lifting the first mobile module for obstacle avoidance
When MMCR encounters a cable or other obstacle with large size across the ground so that MMCR cannot directly cross the obstacle, MMCR can lift the front-end first moving module to get over the obstacle. The pitching joint is controlled by the motor at this moment. When the height of the center of mass of the front-end module raised by the pitching joint motor exceeds the height of the obstacle, which is the limit position for the robot to overcome the obstacle, so that MMCR can smoothly surmount the obstacle. What is shown in Figure 8 is the overcoming obstacle model of MMCR. M to the pitch rotation axis of the connecting module, and H is the height of the moving module. When preparing for obstacle surmounting, the second mobile module of MMCR stays close to the ground, the lifting angle of the front one is the joint pitch angle θ , and the height of obstacle that robot will cross is h . sin cos
According to conservative estimates of the current design, MMCR can cross a cable with a diameter of 100mm.
C.
The drivetrain design of MMCR coverd by tracks The transmission mechanism of MOIRA proposed by Koichi Osuka and Hiroshi Kitajima is shown in Figure 9 [8] . All tracks on each walking section are driven by one motor. The output motion of motor is transmitted to the pulleys through the bevel and helical gears. Then the pulley drives the crawlers. When the size of the robot is less than 200mm, if MMCR uses the same transmission mechanism as MORIA, the height of the obstacle that can be crossed directly by MMCR will be smaller. In this case, if the motor is placed on the center of the transmission system, it will be impossible to arrange the larger internal electronic components (such as batteries or switches) inside the robot. Caterpillar Track Coal Mine Search Robot(CTCSR) developed by J. Sun is shown in Figure 10 [9] . The four sides of the robot are track-wrapped, the tracks on each side are driven by pulleys, and the four-stage tandem bevel gear transmits the motor's rotational movement to the pulleys. Providing space for the arrangement of the electronics inside the robot cell, the motor is placed on the corner of the square robot. The pulley axis on the four sides is in the same vertical plane, which results in w h being small. 11 . The four sides of the robot are track-wrapped, the tracks on each side are driven by pulleys, and four -stage bevel gears transmit motion to the pulleys through spurs or synchronous belt respectively. As a result, in the transmission system, the pulley shafts on the upper and lower sides are further forward than the pulley shafts on the right and left sides, and the arrangement avoids the pulleys on the four sides of MMCR from each other. Such a structure has the following advantages:
• The w h of MMCR can be designed large enough.
• Track width can be increased
• Each section's internal space volume of the robot will be able to increase
• HD cameras and lights can be mounted on the front of the first section of the robot, and IR cameras, antennas, and switches can be mounted on the rear end of the second section.
D. Articulated joint
Articulation joints connect the front and rear modules. Because the robot needs to turn over and over-obstacle during the movement in the cable tunnel, the articulated joint has at least two degrees of freedom: pitch and yaw. Articulated joint includes deflection servo, pitch servo, connecting piece, and fixed pieces. The axes of the output shafts of the two servos are perpendicular to each other, and the rotational motions of the output shafts of the two servos become the pitching and yawing of MMCR, respectively. In addition, the pitching of the robot can be controlled by the motor or adjusted passively to adapt to the ground state. When MMCR is walking, the joint is passive, so that MMCR can adapt to the ground environment with protrusions, stones and debris. The joint actively controls the pitch angle and yaw angle of the first section of MMCR if MMCR will overcomes obstacles or turn. 
III. FINITE ELEMENT ANALYSIS OF WEAK PIECES
The articulated joint between the two mobile units has the highest stress and its strength directly determines the reliability of the connection between the sections of MMCR. The finite element simulation of connecting piece and fixed piece has been done. The solid model of the robot is established by Solidworks, and the mass of each section of the robot is measured as 8kg. The moment required to lift the first section of MMCR is 18.08 Nm, which is loaded on the connecting piece and the fixed pieces. Connecting piece and fixed pieces are made of structural steel with a density of 7,850 kg per cubic meter, an elastic modulus of 211 GPa and a Poisson's ratio of 0.3. Tetrahedral meshes are used to build the finite element model of the pieces. Because the size of object is small, and the mesh size is generated adaptively. After building the model using Solidworks, the model was imported into ANSYS for analysis. The analysis results are shown in Figure 13 . The maximum stress on the connecting piece and the fixed piece is less than the allowable stress of the structural steel. The allowable stress of the structural steel selected is 268MPa. 
IV. CONCLUSION
In order to inspect the cable tunnel, we propose the MiniMulti-module Crawler Robot with four tracks on each side: it has the capability of infrared detection, gas detection, cable tunnel environmental photography and communication over long distances, and its width and height are both less than 200 mm. The caterpillar structure on all sides prevents the robot from being intercepted and lost in the cable tunnel due to rollover, as this structure ensures that the robot can still walk, turn and block properly after rollover. The MMCR has two ways of crossing obstacles: lifting the front section of the MMCR for overcoming big obstacle and directly over the small obstacle. Passive pulley axis is not coplanar structure can increase the height of obstacles MMCR can overcome directly, but also makes the MMCR use wide cracks. To determine the strength of the articulated joint, the supported parts of the articulated joint were subjected to finite element analysis by software ANSYS. The analysis results showed that the strength of the parts was sufficient.
